Summary
Death Associated Protein Kinase (DAPk) is a Ser/Thr kinase whose activity is necessary for different cell death phenotypes. While its contribution to cell death is well established, only a handful of direct substrates have been identified, which do not fully account for DAPk's multiple cellular effects. In order to identify such substrates on a large scale, we developed an in vitro, unbiased, proteomics-based assay to search for novel DAPk substrates. Biochemical fractionation and mass spectrometric analysis was used to purify and identify several potential substrates from HeLa cell lysate. Here we report the identification of two such candidate substrates, the ribosomal protein L5 and Mcm3, a replication licensing factor. While L5 proved to be a weak substrate, Mcm3 was efficiently and specifically phosphorylated by DAPk on a unique site, Ser160. Significantly, DAPk phosphorylates this site in vivo upon over-expression in 293T cells. Activation of endogenous DAPk by increasing intracellular Ca /calmodulin (CaM) activated Ser/Thr kinase which localizes to the cytoskeleton, has been linked to cell death and is a potent tumor suppressor (reviewed in 1). Originally identified in a screen for genes whose functions were necessary for IFN-g-induced death (2) , it has since been shown to be necessary for the regulation or execution of cell death in response to numerous stimuli, including death receptor activation (3), TGF-b (4), oncogene expression (5), UNC5H2 signaling (6), ceramide (7) (8) , and matrix detachment (9) . The specific cellular phenotype induced by DAPk activity can vary from one cell setting to another. It has been linked to both type I apoptotic and type II autophagic cell deaths, in both caspase-dependent and caspase-independent manners (1) . Specifically, DAPk expression can lead to various actindependent death-associated morphologic changes, which include membrane blebbing and cell rounding (e.g. [10] [11] . Detachment from the extra-cellular matrix often accompanies these phenotypes, due to inhibition of integrin function (12) . Even in the absence of cell death, DAPk's effects on the cytoskeleton can lead to the induction of stress fiber formation (13) and interference with cell polarity and directed cell motility (14) . DAPk has also been linked to p53-dependent apoptosis through the induction of p53 in a p19ARF-dependent manner (5) , and can lead to the upregulation of autophagy (11) . In addition to the chromatin fragmentation that accompanies caspase-dependent apoptosis (e.g. [4] [5] [6] , DAPk expression can also lead to caspaseindependent nuclear changes that include chromatin condensation (11) . Each of these phenotypes can be considered an independent functional arm of DAPk.
Catalytic activity is required for all DAPk-associated phenotypes, implying that phosphorylation of specific substrates mediates the various functional arms. To date, only a limited number of substrates have been identified. These include the regulatory light chain of myosin II (MLC), whose phosphorylation and subsequent activation of myosin-based contractility leads to membrane blebbing (10, 13, (15) (16) . A second substrate identified is syntaxin-1A, a component of the v-SNARE complex, which mediates docking and fusion of synaptic vesicles with the membrane (17) . While kinetically, syntaxin-1A is an efficient in vitro DAPk substrate, its physiologic relevance is not yet known. DAPk was also shown to phosphorylate ribosomal protein S6, thereby reducing translation rates in reticulocyte lysates (18) . DAPk may also participate in kinase signaling cascades, as it has been shown to phosphorylate and regulate other kinases. For example, phosphorylation of the highly related ZIP-kinase (ZIPk) influences its intracellular localization and enhances its death-promoting activity (19) . DAPk can also efficiently phosphorylate Ca 2+ /CaM-dependent Protein Kinase Kinase (CaMKK), in vitro and in vivo, which inhibits the latter's ability to undergo CaMactivated autophosphorylation in vitro (20) . During oxidative stress, DAPk phosphorylates Protein Kinase D, leading to activation of JNK and subsequently, caspase-independent cell death (21) . While identification of these substrates has shed light some of DAPk's mechanisms of action, there are still many gaps that remain in our understanding of how DAPk activity leads to the multiple functional outcomes discussed above. In order to fully fill in these gaps, a more thorough understanding of DAPk's complete substrate profile needs to be attained.
Here we undertook a large-scale, unbiased proteomics based screen whose aim was to identify DAPk substrates in vitro, to be followed by in vivo confirmation. This was based on a recently described method for searching for kinase substrates, called KESTREL, which has been successfully used to identify substrates for several closely related kinases (22, 23) . In this manner, we identified two novel DAPk substrates, ribosomal protein L5 and the Mcm3 replication initiation factor. 
Substrate identification
For large scale purification, HeLa cells were grown until confluency, collected, lysed in lysis buffer (50 mM Tris, pH 7.6, 150 mM NaCl, 2 mM EDTA, 1% NP-40, in the presence of 1% protease inhibitor cocktail and 1 mM PMSF) and sonicated. Following dialysis against 25 mM Tris, pH 7.4, NH 4 SO 4 was added to the lysate to achieve a final concentration of 25% salt.
Proteins were allowed to precipitate on ice, and the pellet was collected by centrifugation. The resulting supernatant was then subjected to further salt precipitation, repeatedly, to obtain 40, 50, 60 and 80% NH 4 SO 4 precipitants. All pellets were resuspended in 25 mM Tris, pH 7. Peak lists were generated from the raw data using Analyst QS1.1 and BioAnalyst 1. 
Kinase assays
Kinase assays of total cell lysate or fractionated lysates followed a modified protocol based on the KESTREL method described in (22). In brief, samples were incubated with DK1 terminated by the addition of sample buffer and boiled prior to electrophoresis on SDSpolyacryalmide gels. Depending on the amount of protein present, gels were either silver stained or stained with Gelcode, dried and exposed to MR X-ray film (Kodak). For kinase assays using purified Flag-tagged substrate, reactions were incubated for 10 min with DK1 as described above. For assays using full length DAPk as the kinase, immunopurified Flag-DAPk and Flagtagged substrate at kinase:substrate molar ratios of ~1:5 or 1:10 were incubated for 10 minutes at 30°C in kinase buffer (50mM Hepes pH 7.5, 20mM MgCl 2 ) supplemented with 0.16 mCi/ml [g-analysis, kinase assays were performed over a time-course ranging from 1 min to 2 h. Reactions were terminated by boiling in SDS-loading buffer, and were resolved on 7.5% acrylamide gels, which were stained with Gelcode and dried. DLT (generated by PhosphoSolutions, Aurora, Co).
Secondary antibodies consisted of HRP-conjugated goat anti-mouse or anti-rabbit antibodies (Jackson ImmunoResearch), which were detected by SuperSignal enhanced chemiluminescence (Pierce).
Results

In vitro screen for DAPk substrates
In order to identify novel substrates of DAPk whose phosphorylation may mediate the kinase's various functional cellular effects, an unbiased, high throughput screen was undertaken.
An in vitro kinase assay was performed on HeLa cell lysate in the presence of a recombinant protein that consisted of the catalytic domain of DAPk (DK1 in the reaction buffer had no effect on DK1 activity (data not shown). The addition of DK1 to the reaction mix led to the phosphorylation of up to 9 prominent substrates, which were referred to as S1-S9 (Fig. 1) . The strongest phosphorylation was observed at a band of 20 kDa (S2), which corresponds to the molecular weight of MLC, a known in vitro and in vivo substrate of DAPk (13, (15) (16) . In fact, a protein at the same position as S2 was recognized by antibodies to MLC, suggesting that S2 is MLC (data not shown). The identification in this manner of a known DAPk substrate validates this strategy as an effective tool for identifying relevant substrates.
In order to semi-purify substrates to enable identification, HeLa cell lysate was subjected to consecutive fractionation steps. The first round consisted of stepwise precipitation with NH 4 SO 4 (i.e., 25%, 40%, 50%, 60% and 80% final concentration). The majority of proteins precipitated at the 50% and 60% NH 4 SO 4 concentrations. Each salt fraction was then applied to a phenyl-HP hydrophobic column and proteins were eluted with decreasing concentrations of NH 4 SO 4 . DK1 kinase assays were performed on 1-5% of the total protein in selected fractions.
Resolution of the kinase reactions by electrophoresis, followed by silver staining of the gel and autoradiography, revealed the elution profiles of individual substrates. For example, the strongest S5 signal was observed to elute in fractions 19-22 upon fractionation of the 60% salt cut ( Fig. 2A) . Interestingly, S5 was a weak and barely detectable substrate in the original total cell lysate, yet gave rise to a strongly phosphorylated band after the final fractionation. This enhanced reactivity may be due to enrichment of the total amount of protein present, or its isolation from additional cellular factors that inhibit its phosphorylation. The S9 substrate, which was most prominent in the 50% NH 4 SO 4 fraction, eluted in fractions 32-46 upon application to the column, with particular enrichment in fractions 36-42, corresponding to 0 mM salt (Fig. 2B) .
In order to identify the proteins corresponding to individual substrates, specific fractions were subjected to more precise resolution on SDS-PAGE. For example, for S5 identification, fraction #20 from the corresponding column was resolved on a 12% gel. For S9 identification, fractions #36 and 41, from either end of the range of elution, were each resolved on 6% gels. In each case, the band that ran at the position of the substrate was excised from each lane and analyzed by mass spectrometry. The complete results for S5 and S9 are presented in Tables I   and II /CaM dependent manner, in contrast to a-actinin4, a second high scoring candidate for S9, which failed to undergo phosphorylation and is used here as a negative control (Fig. 4B) . To exclude the possibility that the phosphorylation observed was due to a contaminating kinase that co-precipitated with DAPk, kinase assays were also performed with immunopurified DAPk K42A, a mutant which has greatly reduced catalytic activity. In contrast to the WT DAPk, K42A failed to induce phosphorylation of Mcm3, in the A scan of the Mcm3 sequence indicated a potential DAPk phosphorylation site at Ser160, which matched a proposed consensus sequence for efficient phosphorylation (27) (Fig. 5A) . A mutant Mcm3 in which Ser160 was changed to Ala was generated and subjected to in vitro kinase assays with full length DAPk. Significantly, mutation of Ser160 almost completely abolished the DAPk-dependent phosphorylation, without affecting the basal phosphorylation observed in the absence of DAPk (Fig. 5B) . The difference in the degree of phosphorylation in the WT versus mutant Mcm3 constructs was more apparent upon comparison of reaction rates between increasing concentrations of either protein (Fig. 5C ). To further confirm Ser160 as the site of modification by DAPk, an antibody was generated that specifically recognizes the phosphorylated Ser160 site. Increasing concentrations of both WT and Ser160A Mcm3 were subjected to in vitro kinase assays with DAPk, which were then western blotted with the phospho-specific antibody. The antibody recognized the wild type, but not mutant Mcm3, in a concentration dependent manner (Fig. 5D ). Furthermore, a peptide derived from the region (Fig. 6A ).
Double-reciprocal plot analysis of the resulting curve predicted a K m of 16 mM and a V max of 9.7
pmol ATP/min/pmol DK1 (Fig. 6B) . These values are comparable to those reported for additional DAPk substrates, syntaxin1A, ribosomal protein S6 and CaMKK (18, 20) . Thus
DAPk phosphorylates Mcm3 on Ser160 in an efficient manner.
DAPk phosphorylates Mcm3 in vivo
The and selected fractions were analyzed for the presence of S5 substrate in kinase assays. Reactions were resolved on a 10% gel which was stained with silver (left), dried and exposed to film (right). FT, flow-through and washes. As a control for specificity, fraction #29 was incubated in the absence of DK1 (-). B. The 50% salt precipitate was fractionated and alternate fractions were analyzed for the presence of S9 substrate in kinase assays as described above. Fractions below #16 represent flow-through and washes. As a control for specificity, fraction #30 was incubated in the absence of DK1 (-). 
